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In this work, we present a method to probe molecular interactions on single-walled carbon
nanotube (SWNT) surfaces using a surface plasmon sensor. SWNT networks were synthesized by
chemical vapor deposition and transfer-printed on gold surfaces. We studied the excitation of
surface plasmon-polaritons on nanotube coated gold surfaces with sub-monolayer, monolayer, and
multilayer surface coverage. Integrating the fabricated sensor with a microfluidic device, we were
able to obtain binding dynamics of a bovine serum albumin (BSA) protein on SWNT networks
with various tube densities. The results reveal the kinetic parameters for nonspecific binding of
BSA on SWNT coated surfaces having various tube densities. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4768927]
The surface of low-dimensional carbon (carbon nano-
tubes and graphene) has unique electronic properties due to
the delocalized p-orbitals. Very high carrier mobility to-
gether with nanoscale dimension makes carbon nanotubes
and graphene promising candidates for high performance
electronics applications.1 Besides unique electronic proper-
ties, the delocalized orbital has a strong tendency to adsorb
aromatic molecules via p-electronic interactions. The strong
non-covalent interactions between the graphitic surface and
organic molecules provide a unique template for supramo-
lecular chemistry2,3 and sensing applications.4,5 A compre-
hensive understanding of these forces at atomic and
molecular level still remains a challenge. A great deal of
computational6,7 and experimental effort3,5,7,8 has been
devoted to elucidate these interactions. New techniques with
improved sensitivities are needed to probe the dynamics of
organic molecules on the surface of low-dimensional carbon
nanomaterials.
In the literature, adsorption of molecules on carbon
surfaces has been studied extensively. The earlier works are
based on bulk measurements using sorption isotherms9 and
calorimetric studies.10 Recently, sensitive techniques have
been demonstrated. Schedin et al.11 have demonstrated
detection of a single molecule adsorbed on graphene surface
by tracing changes in the Hall resistivity of graphene. Barone
et al.12 have demonstrated near-infrared optical sensors
based on modulation of emission of single-walled carbon
nanotube (SWNT) in response to adsorbed biomolecules.
Electrical response of SWNTs in a transistor geometry was
also used for detecting adsorbed molecules.4,13 Carbon nano-
tube based capacitive sensors,14 electrochemical sensors,15
and flow sensors16 are good examples for detecting adsorbed
molecules on nanotube surface.
In this work, we integrated surface plasmon resonance
(SPR) sensors with networks of single-walled carbon nano-
tubes to study interactions between SWNT and organic mol-
ecules. SPR sensors provide surface specific detection
schemes with superior sensitivity. The evanescent field of
surface plasmons (SPs) decays exponentially in strength with
distance away from the surface with a decay length of a few
hundreds of nanometers. Surface specific detection together
with the high sensitivity allows the widespread acceptance of
SPR sensors. Here, we implement SPR sensors to probe dy-
namics of a medium size protein on SWNT surfaces. SWNT
networks with various tube densities were grown by chemi-
cal vapor deposition and then transfer-printed on gold surfa-
ces. To understand the effects of SWNT network on
plasmonic properties of the surface, we first measured the
resonance characteristics of surface plasmon-polaritons
(SPPs) on SWNT functionalized gold surface. As a demon-
stration of SWNT modified SPR sensor we studied binding
dynamics of bovine serum albumin (BSA) protein on SWNT
network with various tube densities.
The SWNT networks were grown by catalytic chemical
vapor deposition technique using iron nanoparticles as seeds
for the nanotube growth. The SWNT growth process starts
with coating a silicon wafer with a 500 nm thick photoresist
(Shipley 1805) doped with Fe2Cl3 having concentration of
1–3mM. Annealing the photoresist in air results in dispersed
iron oxide nanoparticles on the SiO2 surface. Iron oxide par-
ticles are reduced by hydrogen (300 sccm) as the temperature
of the samples reaches to 920 C. After reducing the iron ox-
ide nanoparticles, we started the SWNT growth by flowing
ethanol vapor into the quartz chamber using a carrier flow of
50 sccm Ar and 50 sccm H2 at 920
C. After 15min, we ter-
minated the growth and cooled the samples back to the room
temperature under a flow of Ar. The density of SWNT net-
works was controlled by changing the concentration of
Fe2Cl3 in the photoresist layer. Following the growth pro-
cess, we transferred SWNTs on metal substrates. Growing
SWNT directly on 50 nm gold surface is not possible
because of dewetting of gold layer on SiO2 surface.
17 In
order to solve this problem, we developed a transfer printing
process for transferring SWNTs from SiO2 coated Si sub-
strates to metal substrates. Fig. 1 shows the steps of the
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transfer printing process of SWNT networks to the gold sur-
face. We first evaporated 50 nm thick gold film on the
SWNT network. Thick gold film of 50 nm satisfies the criti-
cal coupling condition, which provides the highest sensitivity
for the sensor. The role of the gold layer is twofold; first, it
provides mechanical support for SWNT during the transfer
printing process with low adhesion on SiO2 surface, second,
it supports surface plasmon-polaritons. We applied the gold
coated surface on a glass slide coated with UV curable poly-
mer (Epo-Tek, OG146). A 5-min exposure of UV light cures
the polymer layer and sticks the gold-SWNT layer to the
cured polymer surface. The SWNT networks on gold surface
are achieved by mechanically removing the Si substrate with
a razorblade.
Fig. 2 shows the scanning electron micrographs of
SWNT networks with various tube densities on SiO2 sub-
strates. The tube density was controlled by changing the cat-
alyst concentration. The surface coverage of the SWNT
networks ranges from submonolayer (5% coverage) to
multilayer. We named the three representative tube densities
as D1 (submonolayer), D2 (monolayer), and D3 (multilayer).
The tube densities for D1, D2, and D3 are 1 SWNT/lm2,
10 SWNT/lm2, and 50 SWNT/lm2, respectively. The
carbon nanotubes are primarily single-walled with tube
diameters ranging from 0.7 nm to 4 nm.
Before studying the binding kinetics of the organic mol-
ecules, we first characterized the plasmonic properties of the
gold surface coated with varying SWNT network density.
Fig. 3 shows the experimental setup used to excite SPPs.
Due to the confined nature of SPPs, their momentum is
larger than the momentum of light in free space. The mo-
mentum mismatch can be compensated using a prism with
high index of refraction. This arrangement is known as
Kretschmann configuration. A supercontinium laser attached
with an acousto-optical modulator (Koheras, SuperK versa)
was used as a tunable light source with a spectral width of
1 nm. Surface plasmon-polaritons are excited by TM polar-
ized light at the resonance angle where the phase matching
condition is satisfied as
sinðhcÞ ¼ kspp
npk0
¼ 1
np
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
emed
em þ ed
r
; (1)
where kspp is the momentum of surface plasmon-polaritons,
np is the refractive index of the prism, k0 is the momentum of
light in free space, em and ed are the dielectric constant of the
metal and the medium, respectively. The refractive index of
the prism is 1.52. The 50 nm thick gold layer used during
the transfer printing process supports the SPPs. In order to
obtain the dispersion curves, we measured the polarization
dependent reflectivity of the surface as a function of wave-
length (from 400 nm to 1000 nm) and incidence angle (from
40 to 48) with a precision of less than 1 nm and 0.01,
respectively.
FIG. 1. Transfer printing process of
SWNT network grown on SiO2 coated
Si substrates.
FIG. 2. Electron micrographs of SWNT networks with various tube densities grown by chemical vapor deposition on SiO2 substrates. Tube density was
controlled by changing the concentration of the catalyst. The varying amount of nanotube network is named as sub-monolayer (D1¼ 1 SWNT/lm2),
monolayer (D2¼ 10 SWNT/lm2), and multilayer (D3¼ 50 SWNT/lm2), respectively. The tube diameter ranges from 0.7 nm to 4 nm.
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Fig. 4 shows the reflectivity maps from the SWNT
coated gold surfaces as a function of excitation wavelength
and incidence angle. The wavelength scans the energy of the
exited SPPs and the angle defines the momentum. The maps
were obtained from the TM polarized reflection spectra.
When the resonance condition (Eq. (1)) is satisfied, the
reflectivity goes to a minimum value. The resonance wave-
length is obtained from the minimum value. We observed
that as the surface coverage increases, the resonance wave-
length red-shifts and the spectral width of the surface plas-
mon resonance gets broader, which is likely because of
additional optical losses (scattering losses) associated with
the high density of SWNT networks.
The characteristic surface plasmon absorption dip can
be seen not only by scanning the wavelength of the excita-
tion, but also it can be obtained by scanning the incidence
angle with monochromatic excitation. Fig. 5 summarizes the
variation in the reflection spectra with increasing tube den-
sity. Fig. 5(a) shows the reflection spectra of the surface
recorded at an incidence angle of 44. There are two
resonances; the one that is at around 470 nm is due to the
bulk plasmon absorption, the second resonance at around
605 nm is due to the surface plasmon-polaritons. The bulk
plasmon absorption is independent of the surface coverage.
Angular dependence of the reflectivity from the surfaces is
shown in Fig. 5(b). The resonance angle increases with
increasing the nanotube density. Figs. 5(c) and 5(d) show the
variation of resonance wavelength and resonance angle as a
function of tube density, respectively.
The gold surface functionalized with SWNT network pro-
vides us a unique platform to probe binding interaction
between SWNT surface and organic molecules. As a proof of
principle, we studied nonspecific binding of a BSA protein on
SWNT surface. In order to probe binding interactions of pro-
teins on SWNT network, we integrated the SPR sensor with a
microfluidic device. Fig. 6(a) shows the fabrication steps of
the microfluidic device. The device consists of an elastomeric
flow chamber sealed on the SWNT functionalize gold surface.
For an efficient coupling of SPP, the thickness of the gold
layer is chosen to be 50 nm. A TM polarized diode laser
(k¼ 635 nm) and a prism with a high index of refraction
(BK7, np¼ 1.78) are used to excite SPPs. The reflectivity as a
function of incidence angle is given in Fig. 6(b). The SPR
angle is at 57 for 635nm excitation wavelength. After setting
the incidence angle to the resonance angle, we first run de-
ionized (DI) water through the flow chamber for 5min. When
the SPR signal was stabilized, we started the flow of 100 nM
BSA solution and recorded the SPR signal for 30min. We
repeated the same procedure for a bare gold surface and gold
surfaces coated with three different SWNT networks shown in
Fig. 3. The time traces of SPR signal for binding interaction of
BSA on the various surfaces are shown in Fig. 6(c). After the
SPR signal saturated, we washed the surface with DI water.
We did not observe any change in the SPR signal, which indi-
cates that BSA is kinetically stable on SWNT surface.
To understand the nonspecific binding of BSA on
SWNT network, we used a first-order pseudo-kinetic equa-
tion. Since we employed a flow cell, the number of mole-
cules in the medium is much higher than the available
binding sites on the surface. The pseudo-kinetic equation can
be written as
dA
dt
¼ kaCðb AÞ  kdA; (2)
where A is the concentration of molecules binding to the sur-
face, ka is the association rate constant, b is the concentration
of free binding sites, and kd is the dissociation rate constant.
Since we did not observe any disassociation from the sur-
face, the value of kd is zero. With these conditions, the solu-
tion of the kinetic equation is
FIG. 3. Experimental setup (Kretschmann configuration) used to excite SPP
on metal surface coated with SWNT network. The thickness of the gold
layer is 50 nm. The prism is mounted on a double rotary state. The reflected
beam is detected by a photodiode. The incidence angle and the wavelength
of the laser are controlled with a precision of less than 0.01 and 1 nm,
respectively.
FIG. 4. The reflectivity maps (angular
dispersion curves) from the SWNT
coated gold surface as a function of inci-
dence angle and the excitation wave-
length. The light source is TM polarized.
As the density of SWNTs network
increases, the effective index of the sur-
face plasmon-polaritons increases result-
ing in a red shift in the plasmon
resonance wavelength. The color map
shows the scale for the reflectivity.
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CðtÞ ¼ bð1 ekaAtÞ: (3)
In the linear regime of the reflection spectrum, the SPR sig-
nal is proportional to the concentration of molecules binding
to the surface. We obtained b and ka values from the least
squares fitting of the time trace of SPR signal for various
SWNT networks. Fig. 6(d) shows the extracted values of b
which quantifies the concentration of free binding sites. The
concentration of free binding sites increases with the tube
density while the association constant stays constant with a
value of 0.56 105M1 s1. The mechanism behind the
adsorption of organic molecules on carbon surfaces from an
aqueous solution is not fully understood. The interplay
between hydrophobic interactions, electrostatic interactions,
and hydrogen bonds determines the binding kinetics. Fur-
thermore, the mechanism is highly dependent on the hetero-
geneity of the surface. Since, the surface of SWNTs is
hydrophobic, hydrophobic interactions play the main role of
nonspecific binding on carbon based surfaces. The hydropho-
bicity of metal surface coated by the SWNT networks
changes with the tube density. BSA has several hydrophobic
binding sites. As the surface of the sensor covered by
SWNTs, the available binding sites increase resulting in an
increase in the effective association constant. The SWNT
networks were synthesized by catalytic chemical vapor dep-
osition method using iron oxide nanoparticles. This method
generated SWNT with a diameter distribution between
0.7 nm and 3 nm. Our previous analysis showed that the syn-
thesized nanotubes are single-walled nanotubes; however,
small fraction of them forms bundles and double walled
nanotube. The presented method provides an ensemble aver-
aged binding dynamics on large number of SWNTs with dif-
ferent chirality and diameters. Similar experiments can be
done on single tube level to elucidate the effects of chirality
and diameter of SWNTs on binding dynamics.
As a conclusion, we present a SWNT modified SPR sen-
sor to probe binding dynamics of organic molecules on
SWNT surfaces. SWNT networks with various tube densities
were grown by chemical vapor deposition and then transfer-
printed on gold surfaces. We characterized the plasmonic
properties of gold surfaces having varying amount of SWNT
densities. As a demonstration of SWNT modified SPR sensor
we studied binding dynamics of bovine serum albumin pro-
tein on SWNT networks with various tube densities. We
observed that the concentration of free binding sites
increases with the tube density while the association constant
stays constant with the value of 0.56 105M1 s1. We
anticipate that the extreme sensitivity of SPR sensors to-
gether with special signal interrogation techniques could
allow us to detect adsorption of small molecules even on a
single SWNT.
This work was supported by the Scientific and Techno-
logical Research Council of Turkey (TUBITAK) (Grant
Nos. 110T304 and 109T209), Marie Curie International
Reintegration Grant (IRG) (Grant No. 256458), Turkish
Academy of Science (TUBA-Gebip).
FIG. 5. (a) Reflection spectra from the gold surface with various tube den-
sities. The incidence angle is 44. There are two resonances in the reflectiv-
ity spectra; bulk plasmon resonance of around 450 nm and surface plasmon
resonance of around 600 nm. (b) Reflectivity of the surface as a function of
incidence angle for various nanotube coverages. (c) and (d) Dependence of
surface plasmon resonance wavelength and angle on the surface coverage of
SWNT networks, respectively.
FIG. 6. (a) Schematic representation of the microfluidic device integrated
with SPR sensor functionalized with SWNT network. The flow chamber is
sealed on SWNT coated gold surface. The glass slide is attached to the prism
using an index matching fluid. (b) Reflectivity of the gold surface as a func-
tion of incidence angle at 635 nm. The resonance angle is 57. (c) Time trace
of SPR signal for binding interaction of BSA on gold surface coated with
various SWNT network. The concentration of BSA is 100 nM. (d) The
extracted parameter (b) quantifies the available binding sites on the surface
of SPR sensor. The b-parameter for gold and submonolayer SWNT net-
works is around 0.35. As the density of SWNT increases the b-parameter
changes from 0.35 to 0.8 while the association constant stays constant with a
value of 0.56 105M1 s1.
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